Introduction
============

Hepatocellular carcinoma (HCC) is the sixth most common malignant neoplasm in the world due to its high rates of recurrence and metastasis.[@b1-ijn-13-7859] A lot of progress has been made both in surgical and non-surgical therapies; however, patients are still subject to a very poor prognosis.[@b1-ijn-13-7859],[@b2-ijn-13-7859] Because of the propensity for metastasis, the 5-year survival rate of HCC patients is still very poor, and about 600,000 HCC patients die each year.[@b3-ijn-13-7859] Therefore, a novel therapeutic method is of high importance. Photothermal therapy (PTT), a non-invasive, highly selective and potentially efficient cancer therapy, has attracted significant attention in recent years.[@b4-ijn-13-7859],[@b5-ijn-13-7859] In typical PTT, photosensitizing materials are utilized by cells to generate a localized temperature increase upon light absorption, leading to photoablation of the cancer cells and subsequent cell death. For this reason, the photosensitizing materials must possess a high selectivity to tumor cells to avoid killing the healthy cells.[@b6-ijn-13-7859] In addition, the material should be able to strongly absorb near-infrared (NIR) light,[@b7-ijn-13-7859] which is considered to be the optimal optical window for PTT due to a high transparency of biological tissue, blood and water.[@b8-ijn-13-7859],[@b9-ijn-13-7859]

Recently, graphene has attracted extensive attention in many fields owing to its excellent properties.[@b10-ijn-13-7859]--[@b17-ijn-13-7859] In biomedicines, the high specific surface area and multi-functionalization allow graphene to be widely used as a carrier for both drug and gene delivery.[@b18-ijn-13-7859]--[@b21-ijn-13-7859] In addition, the high photothermal responsivity and low toxicity of reduced nanosized graphene oxide (nano-rGO) make it a promising photo-absorbing agent for PTT.[@b6-ijn-13-7859] Nevertheless, the current performance evaluation relies heavily on imaging techniques, such as CT, MRI and fluorescence imaging, which must be carried out several hours to days after PTT treatment. What is worse, previous results indicate that rGO does not have imaging capabilities during the tumor ablation process. As a result, there is still lack of photosensitizing materials, which possess the capabilities of both transporting and imaging in real time.

Contrast-enhanced ultrasound as a mature technology has been applied for HCC patients for years in many countries. Over recent decades, ultrasound molecular imaging based on the advantage of contrast-enhanced ultrasound has attracted significant attention in preclinical research of HCC diagnosis and therapy.[@b22-ijn-13-7859],[@b23-ijn-13-7859] It is a promising imaging strategy with great potential for improving diagnostic accuracy compared to conventional ultrasound imaging in HCC detection.[@b24-ijn-13-7859] With the rapid development of ultrasound molecular imaging bionanotechnology, the nanobubble (NB) as an ultrasound contrast agent has been established. Subsequently, NBs can access the extravascular space and provide unique advantages for targeted specific ultrasound imaging due to their small size, stability, and novel physical and surface properties.[@b22-ijn-13-7859] Recently, ultrasound-targeted NB destruction (UTND), as a safe and effective method, has been able to destruct contrast agents in ultrasound-irradiated locations, which plays a substantial role in improving the efficient delivery of exogenous genes and drugs noninvasively by sonoporation of NBs.[@b22-ijn-13-7859],[@b23-ijn-13-7859],[@b25-ijn-13-7859],[@b26-ijn-13-7859] As a result, a novel contrast agent having a combination of rGO sheets with NBs can be synthesized, which has both ultrasound molecular imaging and photothermal capabilities; thus allowing monitoring of the PTT process in real time.

Herein, we synthesized a new theranostic nanoparticle containing nano-rGO-encapsulated NBs, which can achieve visualization and enhance the effect of PTT. In order to target the contrast agents, the composition was linked to a novel HCC biomarker, the heparin sulfate proteoglycan glypican-3 (GPC3), which is highly expressed in most HCC patients' cancer cells, but not in normal adult tissues.[@b27-ijn-13-7859]--[@b33-ijn-13-7859] Thus, given the HCC-specific nature of GPC3 expression, we hypothesized that ultrasound molecular imaging using GPC3-targeted NBs would allow transfecting of rGO sheets to the HCC cell membrane and highly accurate monitoring of the PTT process in real time. To the best of our knowledge, application of GPC3-coated and rGO-loaded NBs as ultrasonic photothermal agent directed at HCC cells has not been reported elsewhere, and is considered innovative.

Experimental section
====================

Materials and synthesis process
-------------------------------

### Synthesis of avidinylated NBs

The biotin-avidin system can be used as a link to integrate large amounts of biotin-labeled agents with avidinlyated NBs, due to its unique properties, which is extremely stable over a wide range of temperature and pH value.[@b34-ijn-13-7859]--[@b36-ijn-13-7859] The avidinylated NBs were synthesized by a modified emulsification process.[@b37-ijn-13-7859],[@b38-ijn-13-7859] In brief, three types of liposomes, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC); 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[methoxy (polyethylene glycol)-2000\] (DSPE-PEG2000); and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[biotinyl (polyethylene glycol)-2000\] (DSPE-PEG2000-biotin), were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and mixed in the molar ratio of 9:0.5:0.5. A certain amount of phospholipids were dissolved in the solvent of chloroform and methanol (2:1, v:v), and then the mixture was transferred into a rotary vacuum evaporator to remove the solvent at 55°C. Repeated dissolution and evaporation was carried out for three times. Then, the dried phospholipid compounds were hydrated in 5 mL of PBS (pH 7.4) at room temperature. The liposomal suspension was then transferred into a small sample vial, and the air above the solution was sucked and replaced with perfluoropropane (C~3~F~8~, Research Institute of Physical and Chemical Engineering of Nuclear Industry, Tianjin, China) gas. The admixture was then mechanically vibrated for 45 seconds in a dental amalgamator (YJT Medical Apparatuses and Instruments, Shanghai, China), and resuspended in 5 mL of sterile PBS. The supernatant was collected to acquire the non-targeted NBs. The NBs were subsequently washed with PBS and centrifuged at 800 rpm for 3 minutes to remove the unbound lipids. Finally, the concentration of NBs was estimated to bê2×10^8^/mL by using a hemocytometer (Bürker-Türk, Wertheim, Germany). The size and dispersion of the NBs were detected by microscope (DM3000, Leica, Wetzlar, Germany) and the morphology of the NBs was examined using a transmission electron microscope (TEM) (JEM-1011, JEOL, Inc., Peabody, MA, USA).

To prepare fluorescence-labeled NBs, 50 µg of FITC-labeled avidin (SA, Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) for each 1×10^8^/mL NBs was added and incubated for 30 minutes at room temperature.[@b39-ijn-13-7859] The avidinylated NBs were washed with 3 mL PBS three times and then centrifuged at 800 rpm for 3 minutes. FITC-labeled avidinylated NBs were observed by fluorescence microscope.

### Synthesis of PEG functionalized graphene oxide (rGO-PEG)

Graphene oxide (GO) was synthesized using a modified Hummers' method.[@b20-ijn-13-7859],[@b40-ijn-13-7859]--[@b42-ijn-13-7859] The nano-size GO (nano-GO) was obtained after immersion sonication for 2 hours. To functionalize the nano-GO, 1.2 g of sodium hydroxide (NaOH) was added to the nano-GO suspension (1 mg/mL, 10 mL) and bath sonicated for 3 hours, followed by adjusting its pH value to one using hydrochloric acid (1 M). The mixture was neutralized and purified by repeated washing and centrifugation. Then, amine terminated six-arm branched PEG (2 mg/mL) was added into the abovementioned GO solution (1 mg/mL), and subjected to sonication for 5 minutes. N-(3-dimethylaminopropyl-N′-ethylcarbodiimide) hydrochloride (EDC; Sigma-Aldrich Co., St Louis, MO, USA) was then added to the mixture in two equal portions to give a final concentration of 1 mg/mL in total, followed by sonication for another 1 hour. The solution was then centrifuged at 10,000 rpm for 10 minutes in PBS for three times to remove any aggregates or multilayered GO sheets. The reaction mix was stirred overnight at room temperature, yielding a GO-PEG solution.

Hydrazine monohydrate was added into the nano-GO solution and heated at 80°C for 20 minutes to get aggregated nano-rGO sheets. These nano-rGO sheets were resuspended by bath sonication for 1 hour and then adjusted to a pH of 8.2 by adding NaOH. Centrifugation and dialysis was necessary to remove any aggregated sheets and oxygenic functional groups. The supernatant was collected after centrifugation and washed three times with 100 kDa molecular weight cutoff (MWCO) Millipore (EMD Millipore, Billerica, MA, USA) centrifuge filter at 4,000 rpm. Finally, nano-rGO-PEG solution was prepared and stored at 4°C for further usage. The covalent bonds in nano-GO-PEG and nano-rGO-PEG sheets were confirmed by various instrumental techniques such as Fourier transform infrared (FTIR, Nicolet 380, Thermo Electron Corporation, USA) analysis and X-ray diffraction (XRD) (Empyrean; Malvern Panalytical B.V., Almelo, the Netherlands) analysis.

### Synthesis of biotinylated rGO-GPC3

Biotinylated cy7-conjugated GPC3 (Beijing Biosynthesis Biotechnology Co., Ltd.) antibody was dissolved in PBS as the stock solution (1 mg/mL). A solution of 20 µL of biotinylated cy7-conjugated anti-GPC3 was added to the rGO-PEG (20 mg/L, 1 mL) and the mixture was bath sonicated for 5 minutes. EDC was then added to the mixture to give a final concentration of 1 mg/mL. The mixture was stirred overnight at room temperature. Excess biotinylated cy7-conjugated anti-GPC3 was removed by centrifuge filtration through Amicon centrifugal filters (EMD Millipore) with 100 kDa MWCO and washed with distilled water for 4--5 times. UV-vis spectra of nano-GO, nano-rGO, rGO-GPC3-cy7 and free cy7 were performed using a UV-vis spectrometer (Lambda 35, PerkinElmer, Waltham, MA, USA).

### Synthesis of NBs-GPC3-rGO

Next, 20 µL of biotinylated rGO-GPC3 per 10^8^ NBs was added to the avidinylated NBs and incubated at 4°C for 1 hour. The mixture was then washed with PBS to remove unbound rGO-GPC3 and obtain NBs-GPC3-rGO. The size distribution and the zeta potential of NBs, avidinlyated NBs, NBs-GPC3-rGO solution were determined by dynamic light scattering measurements using Zetasizer Nano ZS90 analyzer (Malvern Instruments Ltd., Malvern, UK).

### Detection of FITC-labeled biotinylated rGO-GPC3 conjugated with avidinylated NBs

Since the emission of Cy7 is near infrared, we used another dye, FITC, to prove the linkage of NBs-GPC3-rGO by using luminescence image. For the linkage, FITC-labeled biotinylated anti-GPC3 antibody (Beijing Biosynthesis Biotechnology Co., Ltd.) was added in the GPC3-rGO solution and incubated in the dark area. The fluorescence intensity of the biotinylated FITC-labeled rGO-GPC3 bound to avidinylated NBs was assessed by a flow cytometer (Becton Dickinson Co., Ltd., Franklin Lakes, NJ, USA).

### Cell culture

HepG2 cells, a human HCC cell line, were purchased from Shanghai Yu Bo Biotech Co. Ltd and were cultured in minimum Eagle medium (MEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco, Carlsbad, CA, USA), and 1% penicillin/streptomycin. The cell cultures were maintained in a humidified atmosphere of 5% CO~2~ at 37°C with the medium changed every other day. The total cell count was determined by a hemocytometer (Bürker-Türk). Exponentially growing cells were used for all experiments.

### Targeted binding of NBs-GPC3-rGO to HepG2 cells in vitro

The binding capacity of NBs-GPC3-rGO was tested on GPC3 receptor-positive HCC cells. HepG2 cells (5×10^4^/mL) were incubated in Costar six-well plates as monolayers in 90% MEM containing 10% FBS with 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~ for 24 hours. After that, NBs-GPC3-rGO (1×10^8^/mL) was added into the cell medium in the six-well plates and incubated with HepG2 cells. After 1 hour of static exposure, the medium was removed and cells were washed with PBS three times to remove the unbound NBs-GPC3-rGO. After fixation, dehydration, drying and other steps, the NBs-GPC3-rGO bound to the HepG2 cells were examined by scanning electron microscope (SEM) (S-4100L, Hitachi, Tokyo, Japan).

### Ultrasound destructibility of various nanoparticles in vitro

Ultrasound-mediated NBs destructibility analysis was performed by a previously developed method.[@b43-ijn-13-7859] In brief, NBs were exposed to ultrasound at a frequency of 1 MHz and an output intensity of 3.5 W/cm^2^ using a 20-mm probe (Institute of Ultrasound Imaging, Second Affiliated Hospital of Chongqing Medical University, Chongqing, China). There were three groups of NBs: blank (no sonication), avidinylated NBs and NBs-GPC3-rGO. Each ultrasound cycle included four frames of 30 seconds at a duty cycle of 50%. After ultrasound exposure, the concentrations of various NBs were assessed on a hemocytometer (Bürker-Türk). Each type of sample was treated and measured three times.

### Cell toxicity assessment

PEGylated nano-rGO toxicity was determined by Cell Counting Kit-8 (CCK-8) assay. HepG2 cells growing in log phase were seeded at a density of 8×10^3^ cells/well (100 µL in volume per well) in 96-well assay plates for 24 hours and then treated with various concentrations of PEGylated nano-rGO for 48 hours. After washing the culture with PBS solution three times, 10 µL of CCK-8 solution was added to each well for 2 hours. The cell toxicity was measured with a microplate reader (BioTek, Winooski, VT, USA) at an absorbance of 450 nm.

### Detection of reactive oxygen species (ROS)

Under NIR (808 nm) irradiation, extracellular ROS may be generated from two components, which are pure water and NBs-GPC3-rGO solution (20 mg/L). The extracellular ROS of a sample was detected using 1, 3-diphenylisobenzofuran (DPBF) as a probe. In brief, 30 µL of N, N-dimethylformamide solution containing DPBF (1 mg/mL) was added into a control group of 3 mL of the above two solutions. Then, these two solutions were irradiated under a NIR laser for various durations. After centrifugation, the optical absorbance of each solution at 410 nm was measured on a spectrophotometer (U-4100, Hitachi).

### In vitro PTT after UTND

HepG2 cells were plated in 96-well plates at a density of 8×10^3^ cells/well in MEM complete media. After 1 hour of incubation at 37°C with NBs-GPC3-rGO, or control, the vials containing cell pellets were stored in ice until irradiation. The cells were incubated with NBs-GPC3-rGO (20 mg/L) or control at 37°C in a humidified atmosphere containing 5% CO~2~. After 1 hour of incubation, the wells were washed with PBS three times. The cell wells were divided into seven groups: 1) HepG2 cells with MEM only (negative control); 2) UTND only; 3) laser only; 4) NBs-GPC3-rGO only; 5) NBs-GPC3-rGO + UTND; 6) NBs-GPC3-rGO + laser; 7) NBs-GPC3-rGO + UTND + laser. UTND parameters were as follows: frequency (1 MHz); output intensity (1.0 W/cm^2^); and irradiation (1 minute/well). Laser parameters were as follows: wavelength (808 nm); output intensity (2.0 W/cm^2^) and irradiation (10 minutes/well). After the process, 100 µL of fresh medium was then added into each well. The plates were kept in the incubator for 24, 48 and 72 hours. Cell viability was estimated by the CCK-8 assay as described.

### Statistical analysis

The SPSS 13.0 software package (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The level of significance in all statistical analyses was set at a probability of *P*\<0.05. Data were presented as mean ± SD. The various groups were analyzed by analysis of variance and Student's *t*-tests.

Results and discussion
======================

The noninvasive ultrasound molecular imaging combined with the advantages of contrast-enhanced ultrasound can characterize neoplastic processes on a molecular level. It's gaining acceptance is due in part to some of the inherent advantages of ultrasound, namely its lack of ionizing radiation, noninvasiveness, and high spatial and temporal sensitivity. It has many potential applications in the early detection of cancer, monitoring tumor characterization treatment response and guiding cancer therapies. Ultrasound molecular imaging contrast agents also have potential applications in the field of hyperthermia for the delivery of chemotherapeutic drugs and gene therapy. NBs as one of the promising contrast agents were widely used in drug delivery and they were also used to increase the location concentration of carrier loads upon ultrasonication. Herein, the avidinylated NBs were synthesized by a modified emulsification process ([Figure 1](#f1-ijn-13-7859){ref-type="fig"}).[@b37-ijn-13-7859],[@b38-ijn-13-7859] For the synthesis, DSPE-PEG2000 and DSPE-PEG2000-biotin were chosen as self-assembled shell of the NBs to encapsulate C~3~F~8~ gas. Also, they played a key role in stable dispersion of loads, which will be explained in detail later in the paper. These liposome NBs in suspension are a milk white color with a diameter of 292.2±13.3 nm ([Figure 2A](#f2-ijn-13-7859){ref-type="fig"} and [Figure S1A and D](#SD1-ijn-13-7859){ref-type="supplementary-material"}) with a concentration of \~2×10^8^/mL. TEM image ([Figure 2A](#f2-ijn-13-7859){ref-type="fig"} inset) shows the spherical morphology of the NBs and confirms the range of size distribution. To prove the avidinylation of NBs, green dye FITC-labeled avidinylated NBs were synthesized and characterized by fluorescence microscopy. [Figure 2C](#f2-ijn-13-7859){ref-type="fig"} shows the green fluorescence emission from different parts, which correlates with the NB locations ([Figure 2B](#f2-ijn-13-7859){ref-type="fig"}), indicating the successful avidinylation of NBs. Meanwhile, the size distribution of these avidinylated of NBs increased to 467.6±11.5 nm ([Figure S1B and E](#SD1-ijn-13-7859){ref-type="supplementary-material"}).

GO was prepared by a modified Hummers' method[@b42-ijn-13-7859] with an initial lateral size of \~5 µm and single layer. To make it fit for injection, nano-GO sheets were obtained by horn ultrasonication. [Figure 3A](#f3-ijn-13-7859){ref-type="fig"} shows a typical AFM image of nano-GO sheets with a size of 50±13 nm. Then, amine-terminated six-arm branched PEG was covalently linked to the carboxylic acid group by amide reaction, which makes the nano-GO-PEG soluble and stable dispersive in buffer solution. Furthermore, hydrazine monohydrate was added into the nano-GO-PEG solution and heated at 80°C for 20 minutes. The color of this solution gradually changed from yellow to black during the heating, indicating the reduction of GO and formation of nano-rGO-PEG. UV-vis spectra of both nano-GO-PEG and nano-rGO-PEG are shown in [Figure 3B](#f3-ijn-13-7859){ref-type="fig"}; the shift of absorption peak (from \~230 tô275 nm) and an increased absorption in visible and NIR region ([Figure 3B](#f3-ijn-13-7859){ref-type="fig"} inset) also confirm the recovery of conjugated π structure of graphene.[@b44-ijn-13-7859],[@b45-ijn-13-7859] Raman spectroscopy of nano-GO and nano-rGO was performed at room temperature using a Raman Microprobe (LabRAM HR800; Horiba Scientific, Jobin-Yvon, France) ([Figure S2](#SD2-ijn-13-7859){ref-type="supplementary-material"}). For the nano-rGO-PEG sample, there was one peak at \~21.69° in XRD pattern, indicating that most oxygen functional groups were removed thereby leading to a successful reduction of GO ([Figure S3](#SD3-ijn-13-7859){ref-type="supplementary-material"}).[@b46-ijn-13-7859],[@b47-ijn-13-7859] As absorption of NIR increased, about 9.2 times at 808 nm ([Figure 3B](#f3-ijn-13-7859){ref-type="fig"}), the photothermal heating became more effective, which is one of the key elements to phototherapy. The new broad peak that appeared at \~2,860 cm^−1^ both in nano-GO-PEG and nano-rGO-PEG samples in the FTIR spectra ([Figure 2D](#f2-ijn-13-7859){ref-type="fig"}) can be assigned to the symmetric stretching mode of the methylene groups of the PEG, indicating the PEG molecules were successfully conjugated to GO sheets, and such conjugation is quite stable even after chemical reduction. In addition, a strong peak at \~1,100 cm^−1^ in the nano-GO-PEG sample may be attributed to the vibration of −C--O-- groups of PEG. The strong peaks at \~3,400 cm^−1^ and 1,650 cm^−1^ were probably due to many more −OH groups in nano-GO-PEG compared that in nano-rGO-PEG sample.

After conjugation to PEG, the nano-rGO-PEG solution was grafted with cy7-labled GPC3 biotin solution. The UV-vis spectra of pure cy7 dye showed a strong absorption peak at 749 nm with a small shoulder ([Figure 2E](#f2-ijn-13-7859){ref-type="fig"}), which was also visible after grafting with nano-rGO-PEG, confirming the conjugation of GPC3-Cy7 to the PEG. Furthermore, the fluorescence intensities of avidinylated NBs after incubation with FITC-labeled biotinylated rGO-GPC3 indicated that about 86.5% of avidinylated NBs were successfully conjugated with biotinylated rGO-GPC3 ([Figure 2F](#f2-ijn-13-7859){ref-type="fig"}). Finally, the size distribution increased to 700.4±52.9 nm ([Figure S1C and F](#SD1-ijn-13-7859){ref-type="supplementary-material"}). The gradually increasing size of NBs also gives evidence for successful connecting of different parts. In addition, the zeta potential of NBs-GPC3-rGO (−18.74±2.02 mV) was lower than that of the NBs (−24.39±2.40 mV) indicating a slight decrease in its stability and dispersivity, as shown in [Figure S4](#SD4-ijn-13-7859){ref-type="supplementary-material"}.

To evaluate the photothermal heating performance, the rise in temperature was plotted as the function of irradiation time of deionized water (DI water), nano-GO (20 mg/L) and nano-rGO (20 mg/L) at a power density of 2 W/cm^2^ of NIR (808 nm) shown in [Figure 3C](#f3-ijn-13-7859){ref-type="fig"}. The temperature of DI water increased slowly from 23°C to 30°C within 10 minutes, while that of the nano-GO solution exhibited a similar behavior with maximum value of 39°C within 10 minutes. This can be explained by the very weak absorption of DI water and nano-GO solution at a wavelength of 808 nm ([Figure 3B](#f3-ijn-13-7859){ref-type="fig"}). By contrast, the temperature of nano-rGO solution increased rapidly to 60°C at the same condition. Significantly, it readily reached 50°C (threshold of photoablation) within 3.4 minutes compared with that of 5 minutes in Dai's work,[@b6-ijn-13-7859] indicating a more efficient photothermal heating of our nano-rGO solution. Furthermore, the nano-rGO solution showed a monotonical enhancement of photothermal heating performance with increasing concentration. The time required to reach the temperature of 50°C was about 4.7, 3.4 and 2.6 minutes for the concentrations of 10, 20 and 40 mg/L, respectively. The more nano-rGO the sheets contains, the more absorption of NIR, which is transformed to heat.

Furthermore, the avidinated NBs were linked to the nano-rGO-PEG-GPC3-biotin by the avidin-biotin system and formed the expected contrast-targeted delivery particles. ([Figure 1](#f1-ijn-13-7859){ref-type="fig"}). Then, it was incubated with the HepG2 cells in the Costar six-well plates. SEM image shows that a large amount of NBs-GPC3-rGO was targeted to the surface of HepG2 cells successfully ([Figures 1](#f1-ijn-13-7859){ref-type="fig"}, [2H and I](#f2-ijn-13-7859){ref-type="fig"} bottom panel), while the original cell had a very clean surface ([Figure 2G](#f2-ijn-13-7859){ref-type="fig"}).

Ultrasound-targeted NB destructibility was assessed for avidinylated NBs, NBs-GPC3-rGO and Blank (NB solution without sonication). [Figure 4A](#f4-ijn-13-7859){ref-type="fig"} shows the concentration of NBs as a function of sonication time, from which the values of attenuation half-life (t/2) were 85 seconds and 54 seconds for the avidinylated NBs and NBs-GPC3-rGO, respectively, with significant difference between the two types of NBs and the Blank group (*P*\<0.05). However, there was a statistically significant difference between avidinylated NBs and NBs-GPC3-rGO (*P*\<0.05). The highest NB destruction efficiency of NBs-GPC3-rGO may be attributed to the dissection effect of rGO on UTND.

Further, we examined the biocompatibility of covalently PEGylated nano-rGO with HepG2 cell lines. The half maximal inhibitory concentration of nano-rGO-PEG was found to bê61 mg/L for human HCC cell line HepG2 ([Figure 4B](#f4-ijn-13-7859){ref-type="fig"}). It is smaller than previously reported, however PEGylated nano-rGO decreased the viability of MCF-7 cells (a human breast cancer cell line) at \~80 mg/L. It shows that nano-rGO-PEG has a satisfactory toxicity assessment result. So, the concentration of nano-rGO should be much lower than 61 mg/L to ensure that the cell-killing ability comes from PTT and not from the toxicity itself. Also, the concentration-depended photother-mal efficiency should be considered ([Figure S5](#SD5-ijn-13-7859){ref-type="supplementary-material"}). As a result, a moderate concentration of 20 mg/L was taken except for special instruction while ensuring the better photothermal efficiency ([Figure S5](#SD5-ijn-13-7859){ref-type="supplementary-material"}) and the lower cytotoxicity ([Figure 4B](#f4-ijn-13-7859){ref-type="fig"}) of nano-rGO in our experiments.

Moreover, photodynamic therapy (PDT) is a type of therapeutic approach that requires a photosensitizer to generate ROS to eliminate cancer tissues.[@b48-ijn-13-7859],[@b49-ijn-13-7859] For this purpose, the extracellular ROS generation of a sample was detected using DPBF as a probe. A decrement of DPBF characteristic absorption could be observed, accordingly. As shown in [Figure 4C](#f4-ijn-13-7859){ref-type="fig"}, the absorbance of the DPBF solution with NBs-GPC3-rGO decreased significantly as irradiation time went on, suggesting the sufficient ROS level was induced by NBs-GPC3-rGO. By contrast, the pure water led to very limited ROS generation with the same laser irradiation. Therefore, NBs-GPC3-rGO was used as a photosensitizer for executing PDT, which can be used as a supplementary treatment for PTT.

Finally, the effect of thermal therapy of our samples was evaluated by index of cell viability using CCK-8 assay. [Figure 4D](#f4-ijn-13-7859){ref-type="fig"} shows the cell viability rates of different treatment groups at 24, 48 and 72 hours. Almost all HepG2 cells incubated with NBs-GPC3-rGO were destroyed due to irradiation with 2 W/cm^2^ NIR light for 10 minutes with (group 7) or without (group 6) UTND, while all other groups showed near 100% viability. Compared with other treatment groups, the cell viability rates of groups (6) and (7) showed significantly lower efficiency (*P*\<0.05), suggesting that NBs-GPC3-rGO with laser irradiation was the main factor of killing cells. Although there was no statistical difference between groups 6 and 7 (*P*\>0.05), UTND had a positive effect on laser irradiation in reducing cell viability.

Upon the UTND, the NBs were found to be destroyed within a short time ([Figure 4A](#f4-ijn-13-7859){ref-type="fig"}). The rGO nanosheets were known as nano-knife or nano-blade and were used to cut bacteria and cell membrane with their sharp edges.[@b50-ijn-13-7859] Analogously, rGO nanosheet would also perform as a blade to cut the NBs, especially upon ultrasonication. As a result, the UTND efficiency is significantly improved by 50% at the same sonication time ([Figure 4A](#f4-ijn-13-7859){ref-type="fig"}) after linking the rGO nanosheets. Moreover, a large number of rGO sheets were covered with NBs through avidin-biotin system and kept in close contact with each other. When NBs-GPC3-rGO are destroyed using UTND, rGO-GPC3 can be released to increase the concentration of rGO around the HepG2 cells. rGO-GPC3 can be attached to the surface of the HepG2 cells due to the targeting effect of GPC3 antibodies. The nano-rGO solutions exhibited a concentration-dependent photothermal heating effect,[@b6-ijn-13-7859] which is in accordance with our results ([Figures 3C](#f3-ijn-13-7859){ref-type="fig"} and [S5](#SD5-ijn-13-7859){ref-type="supplementary-material"}). In addition, UTND facilitates the transfer of extracellular molecules into cells via sonoporation. Therefore, in terms of the cell viability test, we noticed that the PTT effect of NBs-GPC3-rGO is the best compared with other groups, and its 72-hour cell viability rate is 2.26% ([Figure 4D](#f4-ijn-13-7859){ref-type="fig"}).

Conclusion
==========

In summary, we have developed a new ultrasound contrast agent containing nano-rGO encapsulated NBs, which can achieve visualization and enhanced PTT. GPC3 works as a target probe molecule to specific sites on the surface of HepG2 cells. NBs-GPC3-rGO was destroyed under the ultrasound, which boosted the local concentration of rGO thereby enhancing the photothermal ablation of cancer cells under the NIR irradiation. As a result, within 72 hours, viability rate of cancer cells treated by PTT was approximately 2.26% under UTND and NIR laser treatment. Our results lay the foundation for further study and clinical application of GPC3-targeted ultrasound imaging in noninvasive surveillance during the process of PTT using rGO.

Supplementary materials
=======================

###### 

Average particle size of NBs (**A** and **D**), Avidinylated NBs (**B** and **E**) and NBs-GPC3-rGO (**C** and **F**) determined by dynamic light scattering (DLS) analysis. The three curves (**D**--**F**) of average particle size were analyzed by Shapiro-Wilk test to explain that all three groups of data followed a Gaussian distribution.

**Abbreviations:** GPC3, heparin sulfate proteoglycan glypican-3; NBs, nanobubbles; rGO, reduced graphene oxide.

###### 

Raman spectroscopy was performed at room temperature using a Raman Microprobe (LabRAM HR800; Horiba Scientific, Jobin-Yvon, France).

**Note:** The I~D~/I~G~ ratio of nano-rGO did increase notably, indicating that the reduction process altered the structure of G-O with a high quantity of structural defects.

**Abbreviations:** GO, graphene oxide; rGO, reduced graphene oxide.

###### 

XRD patterns of nano-GO-PEG and nano-rGO-PEG.

**Abbreviations:** GO, graphene oxide; r-GO, reduced graphene oxide; XRD, X-ray diffraction.

###### 

The zeta potential of the NBs (**A**) and NBs-GPC3-rGO (**B**) solution were determined by dynamic light scattering (DLS) measurements.

**Abbreviations:** GPC3, heparin sulfate proteoglycan glypican-3; NBs, nanobubbles; rGO, reduced graphene graphite.

###### 

Photothermal heating curves of nano-rGO solutions.

**Note:** The rise in temperature plots of various concentration of nano-rGO and deionized water (DIW), nano-GO (20 mg/mL) and nano-rGO (20 mg/mL) at 808 nm at 2 W/cm^2^ NIR.

**Abbreviations:** rGO, reduced graphene graphite; NIR, near infrared.
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![Schematic diagram of synthesis of NBs-GPC3-rGO constructed for rGO targeted delivery and photothermal therapy.\
**Abbreviations:** DSPC, 1, 2-distearoyl-sn-glycero-3-phosphocholine, DSPE-PEG2000, 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[methoxy(polyethylene glycol)-2000\]; DSPE-PEG2000-biotin, 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[biotinyl (polyethylene glycol)-2000)\]; GPC3, heparin sulfate proteoglycan glypican-3; UTND, ultrasound-targeted nanobubbles destruction.](ijn-13-7859Fig1){#f1-ijn-13-7859}

![Characterization of nanobubbles, proof the chains are convelent together.\
**Notes:** Bar in **A**--**C** is 10 µm, inset in [Figure 2A](#f2-ijn-13-7859){ref-type="fig"}, bar=100 nm, bar in **G** and **H**=4 µm, bar in **I**=0.6 µm. (**A**) Nanobubbles (NBs) in suspension were milk white in color. Pure NB solution was observed under a light microscope (magnification, 1,000×). (**B**) Avidinylated nanobubbles were observed under a light microscope (magnification, 1,000×). (**C**) Nanobubbles conjugated with FITC-labeled avidin under fluorescence microscopy (magnification, 1,000×). The surface of nanobubbles appeared green under fluorescence microscopy, indicating that FITC-labeled avidin was packaged on the NB surface. (**D**) Fourier transform infrared (FTIR) spectra of graphene oxide-polyethylene glycol (GO-PEG) and reduced graphene oxide (rGO)-PEG. The GO-PEG and rGO-PEG sample was filtered over three times through a 100 kDa molecular weight cutoff (MWCO) filter to completely remove any unconjugated PEG (10 kDa). (**E**) A UV-vis-near-infrared (NIR) spectrum of nano-rGO-PEG-GPC3-cy7 and free cy7 dye solution. (**F**) Binding efficiency of biotinylated FITC-labeled rGO-PEG-GPC3 with avidinylated NBs was determined by flow cytometry. Comparison of the fluorescence intensities for NBs (black line, control) and FITC-labeled NBs-GPC3-rGO (red line) implies successful binding of rGO-PEG-GPC3 with avidinylated NBs. (**G**) Scanning electron microscopy revealed normal surface morphology of the Hep G2 cells (4,000×). Under scanning electron microscopy, targeted NBs-GPC3-rGO were clustered on the surface of the Hep G2 cells (**H** and **I**, 4,000× and 10,000×, respectively).\
**Abbreviation:** GPC3, heparin sulfate proteoglycan glypican-3.](ijn-13-7859Fig2){#f2-ijn-13-7859}

![Characterization of reduced graphene oxide (rGO) sheets. (**A**) An AFM image of reduced nanographene oxide (nano-rGO). The image is on a 10 nm height scale. (**B**) A UV-vis-near-infrared (NIR) spectrum of nano-GO-polyethylene glycol (PEG) and nano-rGO-PEG solution. (**C**) Photothermal heating curves of the nano-rGO-PEG and nano-GO-PEG solutions and the deionized water (DIW) exposed to the 808 nm laser at a power density of 2 W/cm^2^. Black curve is 1 mL of solutions with 20 mg/L concentration of nano-rGO-PEG, red curve is nano-GO-PEG and dark blue curve is DIW.](ijn-13-7859Fig3){#f3-ijn-13-7859}

![Quantitative growth inhibition assay in HepG2 cells after different treatments.\
**Notes:** (**A**) Ultrasound-targeted destruction of nanobubbles (NBs)-GPC3-reduced graphene oxide (rGO), compared with Blank group, and avidinylated NBs. (**B**) Cellular viability data based on Cell Counting Kit-8 (CCK-8) for Hep G2 cells incubated for 48 hours with PEGylated nano-rGO. (**C**) Absorption spectra of the 1, 3-diphenylisobenzofuran (DPBF) probe under different irradiation times. (**D**) Cellular viability effect of Hep G2 cells with different treatments. The viability rate of cells was determined by CCK-8 assay at 24, 48 and 72 hours after different treatments. Data are represented as mean ± SD (n=7). The cell viability rate of the NBs-GPC3-rGO + laser (group 6) and the NBs-GPC3-rGO + ultrasound-targeted NB destruction (UTND) + laser (group 7) are significantly lower than those of the other groups (*P*\<0.05).\
**Abbreviations:** DPBF, 1, 3-diphenylisobenzofuran; GPC3, heparin sulfate proteoglycan glypican-3.](ijn-13-7859Fig4){#f4-ijn-13-7859}
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